Wild yak (Bos mutus) are affected by a disorder known colloquially as ''stiffness of extremities disease,'' characterized by emaciation, lameness, stiffness in the gait, enlargement of the costochondral junctions, and abnormal curvature in the long bones. Results from preliminary epidemiologic and clinical observations suggested that this was a local, nutritional and metabolic disease associated with some mineral deficiency. Our objective was to determine the possible relationship between this disease and phosphorus (P) deficiency. We found that P concentrations in forage samples from affected areas were significantly lower than were those from unaffected areas, and the mean calcium:P ratio in the affected forage was 14:1. Phosphorus concentrations of blood, bone, teeth, and hair from affected yak were also significantly lower than were those from reference yak. Serum P levels of affected animals were much lower than were those of reference yak, whereas serum alkaline phosphatase levels were significantly higher than were those from reference yak. The P deficiency disease could be cured with supplement of disodium hydrogen phosphate (Na 2 HPO 4 ). We conclude that the disease is mainly caused by P deficiency in forage.
INTRODUCTION
The wild yak (Bos mutus) is a highaltitude animal that can survive in severely cold regions and is an important ungulate in the Qinghai-Tibet Plateau. During the past 10 yr, yak in the Haizi area of the Qinhai-Tibetan Plateau have been affected by a disease characterized by emaciation, lameness, stiffness in the gait, enlargement of the costochondral junctions, and abnormal curvature in the long bones. Severe cases included permanent recumbency, inability to stand, and eventual death. Locally, the syndrome is called ''stiffness of extremities disease.'' Preliminary epidemiologic and clinical data indicate that this may be a local, nutritional and metabolic disease associated with nutrition imbalance. Originally, the affected area was an excellent autumn-winter range of native pasture. However, a few years ago, the pasture and livestock were allocated to individual families in an attempt to improve the local herdsmen's life and productivity. As a result, pasture fencing and wildlife habitat fragmentation may have created nutrition imbalance problems for these and other animals.
For grazing animals, phosphorus (P) deficiency is the most common mineralelement deficiency (Karn, 2001) . In most pasture conditions, P concentrations in soils and plants are low, and many grass species with .0.3% P during early stages of growth are available to grazing animals for only short periods (Blood et al., 1989) . In most years, mature forage contains ,0.15% P (McDowell, 1992) . The low P levels in soils and forage are not sufficient for ruminants (Heuer and Bode, 1998) .
A number of response criteria have been used to evaluate the P status of animals, including serum levels of P, calcium (Ca), and alkaline phosphatase (AKP). Previous research suggests that bone criteria are more sensitive to P than they are to other elements. However, P levels in blood samples are not a good indicator of P status because P levels can be within reference range for a long period after animals have acquired serious P deficiency (Wang et al., 1995; Maduell et al., 2005) . Nevertheless, marked hypophosphatemia is a good indicator of severe P deficiency, even if serum levels of Ca are unaffected. To prevent P deficiency in grazing livestock, oral supplements of bone meal, phosphate, and mineral mixtures are recommended (Blood et al., 1989; McDowell, 1992) .
The stiffness of extremities disease in yak has been observed throughout the year with peak incidence between June and September. Similar syndromes have been reported in cattle (Bos taurus; Blood et al., 1989) , water buffalo (Bubalus bubalis; Heuer and Bode, 1998), sheep (Ovis aries; McDowell, 1992) , and dogs (Canis lupus familiaris; Zhang et al., 1989) . However, there is no available information, to our knowledge, about the disease in wild yak. Our objective was to determine the pathogenesis of this disease and to establish the possible relationship between this disease and P deficiency in wild yaks.
MATERIALS AND METHODS

Study area
The area studied was approximately 1,000 km 2 , located at 33u549-45u69 N, 95u369-97u189 E, at an average elevation of 3,300 m above sea level. The weather is marked by low humidity, a wide range of temperatures between day and night, strong ultraviolet radiation, low precipitation (95 mm/yr), and high evaporation (four times the annual precipitation). Annual temperatures range from 241 C in January to 26 C in July. Steppe and alpine meadow are the major vegetation types in the Haizi area, dominated by desert wormwood (Artemisia desertorum), Artemisia anethifolia, wildrye (Leymus secalinus), Carex moorcroftii, Chinese ephedra (Ephedra intermedia), purple needlegrass (Stipa purpurea), Chinese stellera (Stellera chamaejasme), and Astralagus polycladus (most species do not have standard English common names). Most of the plants are herbaceous and good resources for grazing animals. Thirty percent of pasture is saltmarsh and swamp meadows; soils are saline and alkaline.
Epidemiologic investigations
A detailed investigation on the epidemiology of the disease in wild yak (750 yaks) was carried out in the affected area. Data collected included the history, characteristics, and frequency of the disease, and the natural ecologic conditions. We interviewed local herdsmen who had lived in the area for many years, asking for their opinions and gathering background information on the disease. Data about the ecologic and environmental conditions and their effects on the disease were obtained from local records and annual reports provided by the local government. Clinical signs were recorded by directly observing herd activities on the pasture.
Animals
Sixty affected wild yaks were selected from 365 yaks in adjacent affected pastures on 1 July 2006. All animals had obvious clinical signs, including lameness, weakness, stiffness in the gait, and enlargement of the costochondral junctions. Thirty unaffected wild yaks were selected from Maqu county of Gansu province, where the diseases had not been reported. All of these animals were judged to be in good health after clinical examination, and they were used as the reference group.
Sample collection
Samples from animals, forage, and soil were collected in July 2006. The animals used in these experiments were cared for by acceptable practices as outlined in the Guide for the Care and Use of Animals in Agricultural Research and Teaching Consortium (Federation of Animal Science Societies, 2010). Blood samples of the animals were obtained from the jugular vein using 1% sodium heparin as an anticoagulant, and stored at 210 C for analysis of trace elements. Serum samples for biochemical analysis were taken in tubes without anticoagulant, separated by centrifugation, and stored at 210 C in plastic vials. Hair samples were taken from animal's necks, washed, degreased (Salmela et al., 1981) , and kept in a desiccator over silica gel until analyzed. Thirty affected animals and thirty unaffected yaks were sacrificed by exsanguination, which was approved by the Institute of Zoology, Chinese Academy of Sciences, Institutional Animal Care and Use Committee (Project A086). Routine postmortem, pathologic examination was carried out by visually observing the tissues. Samples of ribs, ilia, and teeth were collected from the animals for analyses of minerals in the tissues.
Samples of forage were collected from 30 randomly distributed sites with affected yaks (five samples per pasture were collected from six pastures). To reduce soil contamination, the herbage samples were cut 1-2 cm above the ground. The forage samples were dried at 60-80 C for 48 hr and ground to facilitate chemical analysis (Wang et al., 1996) . At the same sites, 30 soil samples were taken from the surface layer (0-30 cm), using a 30-mmdiameter, cylindric corer. At each site, four soil cores were combined and placed in polythene bags. The soil samples were dried at 60-80 C for 48 hr and passed through a 2-mm sieve. Thirty forage samples were also collected from the unaffected grassland in Maqu County.
Biochemical examination
Lactate dehydrogenase (LDH), AKP, cglutamyl transferase (c-GT), creatinine (CRT), Ca, inorganic phosphorus (IP), total protein, albumin, and globulin were determined using the serum samples and an automatic biochemical analyzer (OLYMPUS AU 640, Olympus Optical Co., Tokyo, Japan). Quality control serum (Shanghai Biochemical Co., Shanghai, China) was used to validate blood biochemistry data. Serum protein electrophoretic studies were performed on cellulose acetate (Wang and Liu, 2004) . All serum biochemical values were measured at 20 C.
Analysis of mineral contents
Copper, iron, zinc, manganese, and Ca levels of the samples of animal tissues (blood, hair, ribs, ilia, and teeth) and the soil and forage were measured using a Perkin-Elmer AAS5000 atomic absorption spectrophotometer (PerkinElmer, Norwalk, Connecticut, USA). Molybdenum (Mo) content was determined using the flameless atomic absorption spectrophotometry (Perkin-Elmer 3030 graphite furnace with a Zeeman background correction). It is difficult to accurately determine Mo concentrations in the tissues because of ''memory'' or carryover effects. Therefore, two blanks (deionized water) were run after testing each sample to reduce memory effects. Phosphorus was determined by spectrophotometry (Wang et al., 1996) . The accuracy of the analytical values was checked by reference to certified values of elements in the National Bureau of Standards (bovine liver SRM 1577a).
Treatment and prevention
In one severely affected area, 30 affected wild yaks were selected for the treatment experiment. The animals were grazed on the affected pasture. Blood et al. (1989) and McDowell (1992) recommended oral supplements of P and mineral mixtures to prevent P deficiency in grazing livestock. Thus, 15 of the affected wild yaks were given disodium hydrogen phosphate (Na 2 HPO 4 ) orally at a dose of 150 g/animal. The treatment was repeated weekly between June and September 2008. Fifteen affected wild yaks were used as the control group. Clinical signs were recorded by directly observing wild yak activities on the pasture. Signs of lameness and stiffness in the gait and abnormal curvature in the forelegs were specifically noted.
Statistical analyses
Data were analyzed using the Statistical Package for the Social Sciences (SPSS Inc., Chicago, Illinois, USA) and presented in the form of mean6SE. Significant differences between groups were assessed using Student's t-test with least significant differences of 1% (P,0.01) and 5% (P,0.05).
RESULTS
Epidemiology
The stiffness of extremities disease mainly occurred in mature female and juvenile (1-or 2-yr-old) wild yaks, throughout the year, but with a peak incidence between June and September. Pregnant and postpartum females were most commonly affected. The clinical signs were less obvious in mature males. Sixty percent (450/750) of yaks observed were affected. In severe areas, the mortality was 27% (121/450). In addition to the symptoms described above, long bones of the affected yaks were frequently broken, often without apparent stress. However, body temperature, respiratory rate, and heart rate were within reference range in affected animals. According to herdsmen in the area, the disease has been observed during the past 10 yr. However, the disease has not been studied because of the adverse natural environment and poor transportation facilities in this area.
Autopsy findings
Autopsy findings of affected juvenile and adult wild yaks were similar, with visible gross bone lesions in all cases. All bones were involved, but particularly the mandible, scapula, ilium, hipbone, and ribs. Affected bones were porous, brittle, light, susceptible to fracturing, and less resistant to cutting and sawing than those from unaffected animals. The marrow cavity was enlarged and extended into the epiphysis, and the cortex was thin, spongy, and soft. Spontaneous fractures frequently occurred on the ribs and pelvis in affected wild yaks. Enlargement of joints with apparent bowing of long bone and broadening of the epiphyses were typical. In adult female yaks, many old, enlarged scars were often observed in ribs. Irregular ulcers were sometimes seen on the surface of joints. Kidneys were prominently enlarged and softened, with a yellowish appearance, and livers were slightly swollen.
Biochemical values
Serum AKP, LDH, and CRT in the affected wild yaks were $50% higher than those in the reference animals (P,0.01), whereas IP levels were about half that in the reference group (P,0.01). The AKP values of the affected animals were twice those of reference yaks (Table 1) . Likewise, concentrations of serum a-globulin and b-globulin in affected wild yaks were about 50% higher than those in the reference group (P,0.01; Table 2 ). There were no significant differences in other biochemical values between affected and reference yaks (P.0.05).
Minerals
Concentrations of P in soil and forage samples in the affected area were significantly lower than those in the unaffected area (P,0.01; Table 3 ). The P concentrations in forage samples of the unaffected area were 6.3 times those of the affected b Results between the affected and unaffected areas were significantly different (P,0.01; Student's t-test).
area. The mean Ca:P ratio in forage of the affected area was only 14:1. Other values of mineral elements were within reference ranges. In addition, P concentrations in blood and hair samples (Table 4 ) and in ribs, ilia, and teeth (Table 5 ) from the affected animals were approximately half of those from unaffected animals (P,0.01).
Treatment and prevention
All the animals treated with Na 2 HPO 4 recovered gradually within 20-30 days. Generally, appetite improved quickly and signs of lameness and stiffness in the gait in most animals improved within 10-15 days of treatment. However, foreleg deformation recovered slowly and required prolonged treatment. In untreated animals, the syndrome worsened, and 27% eventually died.
DISCUSSION
Preliminary epidemiologic and clinical observations suggested that stiffness of extremities disease of the wild yaks in the Haizi area of the Chinese Qinhai-Tibetan Plateau is a nutritional and metabolic disease associated with P deficiency. In general, P levels .0.005% in soils and 0.3% in forage should be sufficient for ruminants (Heuer and Bode, 1998) . However, in our study, P levels of the soils and forage in the affected areas were 0.003% and 0.022%, respectively; much lower than the sufficient levels.
A Ca:P ratio of 1:1 to 2:1 is usually recommended for proper use of the elements by animals (Wang et al., 1995) . Dietary Ca:P ratios ,1:1 or .7:1 adversely affect growth and feed efficiency of animals (Karn, 2001 ). In our study, the mean Ca:P ratio in the forage from the affected area was 14:1, which had a clear negative impact on the Ca and P metabolism of wild yaks in the area. Several serum parameters have been used to evaluate the P status of animals. For example, P deficiency disease in water buffalo (Bubalus bubalis) was clearly associated with serum P levels ,0.97 mmol/l (Wang et al., 1995; Underwood and Suttle, 1999) . In our study, P levels in serum, hair, bones, and teeth from affected wild yaks were markedly lower, and serum AKP level was significantly higher than that in unaffected animals. The result was consistent with the response criteria in P-deficiency disease of Bactrian camels (Camelus bactrianus; Liu, 2005) . In our study, the oral supplement of Na 2 HPO 4 appeared to cure the disease. Thus, we conclude that the disease was mainly caused by the P deficiency in forage.
